Abstract: We proposed and numerically investigated an analogue of electromagnetically induced transparency (EIT) all-dielectric metasurface that features one asymmetric S-shaped silicon resonator in the unit cell and generates high transparency, high Q-factor resonance in the near infrared spectral region. Breaking the symmetry of the S-shaped structure could provide a pathway to excite a trapped magnetic mode that coupled to a bright electric dipolar moment, achieving a sharp EIT-like response. And the Q value of the resonance can be easily modified by altering the asymmetric degree of the structure. In particular, the transparency window will almost maintain its symmetric shape and high transmission of 97%, but shift accordingly as the structural parameters (silicon bar's length, width, or thickness) vary in a large range, because of the very small detuning between the two coupled modes. The proposed S-shaped all-dielectric metasurface could ease fabrication challenges and have potential applications in biochemical sensing, narrowband filters, optical modulations, and slow light devices.
Introduction
Electromagnetically induced transparency (EIT) is a quantum destructive interference effect that occurs in three energy atomic levels, resulting in a narrow transparency window in the original absorption spectrum [1] - [4] . It was subsequently demonstrated in plasmonic metamaterials [5] - [12] . Because the highly dispersive and the transparent nature of the atomic medium can be drastically modified in the transparency window, it was widely used in the slow-light devices [5] , [6] , [9] , [12] , optical sensors [13] , [14] , and enhancing nonlinearity [15] . But plasmonic metasurfaces showed extremely large bandwidth resonances at infrared and optical frequencies on account of ohmic loss, severely limiting the achieve of high transparency, high Q-factor and large group index [5] , [8] , [12] . Recently, new strategies in view of the EIT or Fano resonances based on all-dielectric metasurfaces were introduced to restrain these losses, which have exhibited great possibility of producing high Q-factor resonances [16] - [32] . A common feature of the EIT-like all-dielectric metasurface demonstrated so far is dependent on multiple interacted structures within the unit cell, such as orthogonal silicon bars [25] - [27] , silicon-based bar-ring resonator [28] - [30] . Generally in these resonator systems, one structure is designed to support the bright mode that can directly couple to the free space, the other one is served as a dark or trapped mode, which is less-accessible, or inaccessible from the incident optical field. By proper design, they can interfere resulting in a high transparency EIT-like window. It should be noted that the EIT-like response can be considered as a special form of Fano line-shape resonance under certain conditions including the small detuning and different Q-values between the two coupled modes [33] . Meanwhile, metasurfaces consisting of single asymmetric structure usually produce Fano resonances, because the detuning between the two interacted modes is not easy to adjust [20] , [32] , [34] - [36] . Furthermore, as far as the articles currently reported, it is difficult for the resonant frequency of the bright mode to keep the same pace with that of the dark mode when multiple parameters of the structure vary in a large range, which will result in a large detuning between the two coupled modes and make the EIT-like transparency window changed into asymmetric Fano resonance [25] - [32] . And it should be mentioned that the EIT-like response also can be realized in metamaterial waveguide by coupling between a low Q dipolar resonance and a high Q guided mode resonance (GMR). But it is known that the GMR based EIT-like resonance is sensitive to variations in structural parameters as well [37] - [41] .
In this article, we proposed and numerically demonstrated an asymmetric S-shaped all-dielectric metasurface that achieves EIT-like response. Simulation results show that the presented asymmetric S-shaped metasurface can support a trapped magnetic mode that couples to a bright electric resonance, producing high transparency, high Q-factor EIT-like resonance. Furthermore, the EITlike resonance will shift accordingly as the structural parameters of bar's length, width and thickness change, but the symmetric shape of the EIT-like transparency window will almost not be affected owing to the small detuning between the two interacted modes. Such an EIT-like all-dielectric metasurface may ease fabrication challenges and have potential applications in bio-chemical sensing, optical switching, storage of quantum information and low-loss slow-light devices.
Design and Simulation Results

Structure of S-Shaped Silicon Metasurface
The proposed all-dielectric metasurface consists of an S-shaped silicon array (refractive index n = 3.7) with a thickness h = 200 nm, which is deposited on a quartz substrate (n = 1.48), as shown schematically in Fig. 1(a) . Each unit cell of the metasurface depicted in Fig. 1(b) comprises three parallel and two vertical connected silicon bars, the geometrical dimensions are as follows: l = 600 nm, w = 120 nm, g1 + g2 = 660 nm, g is defined as g = g2-g1 and g ࣔ 0 means the Sshaped structure is asymmetric. The structure is periodically arranged in the x-y plane with a same lattice constant of px = py = 1000 nm. To investigate resonant properties of the system, numerical simulations of the structure are carried out by commercial CST software. In our simulations, we utilize periodic boundary conditions in both x and y directions and perfectly matched layers (PMLs) are applied in the wave propagating direction z. The structure is illuminated by a plane wave that polarized along the x-axis or y-axis at normal incidence. And a semi-infinite quartz substrate is assumed in our simulation, thus the GMRs induced by MM waveguides can be excluded.
Trapped Mode in Asymmetric Metasurface
When the E-field of incident wave is along the x-axis, the transmissions of the S-shaped metasurface are studied both in symmetric ( g = 0 nm) and asymmetric ( g = 20 nm) cases and given out in Fig. 2(a) . It is obvious that there is no resonances found in the range from 1500 nm to 1700 nm for the symmetric metasurface, meaning that the metasurface cannot be directly excited. However, a narrow resonance can be clearly seen at a wavelength of 1580 nm in the asymmetric structure, which indicates the appearance of the resonance is attributed to the breaking of the symmetry of the structure. As theoretical analysis referred, the origin of the narrow spectral response can be dated back to so-called "trapped mode" which is weakly coupled to the free space [34] , [42] . To further study the physical mechanism of this resonance, we primary analyze the electromagnetic fields of different cross sections around 1580 nm, and the distributions of the electric in the x-y plane and the magnetic in the x-z plane are demonstrated in Fig. 2 (b) and 2(c), respectively. The circulating electric field can be clearly observed around the S-shaped structure from Fig. 2(b) , which is reminiscent of the magnetic dipole field forms. Rather than the ordinary in-plane magnetic dipole, Fig. 2(c) shows that the displacement currents are polarized along the z-axis in the center of the structure, corresponding to a z-directed magnetic dipole. Meanwhile, we can notice that the circulating magnetic fields locate inside upper and lower bars of the S-shaped structure in Fig. 2(c) , meaning that the electric dipole also contributes to this resonance. Thus, through the electromagnetic field patterns, we may not be able to accurately determine the resonant nature of the response.
In order to get deep understand of the resonance around 1580 nm, the Cartesian multipole contributions into the scattered powers for the asymmetric S-shaped all-dielectric metasurface are calculated, which rely on the induced current inside of the metamolecules [43] - [45] . The dominant five scattering powers of multipoles around the resonant wavelength are shown in Fig. 2(d) , where P, M, T, QE and QM are the electric dipole, magnetic dipole, toroidal dipole, electric quadrupole and magnetic quadrupole, respectively. Here, higher order dipoles are ignored because of the extremely smaller intensity on the scattered powers. Above and below the resonant wavelength of ∼1580 nm, the electric dipole Px occupies the main role, meaning the S-shaped structure is electrically excited. However, in the vicinity of the resonance, the z-directed out-plane magnetic dipole, Mz, instead of ordinary in-plane My, increases remarkably and dominates all other multipole moments by nearly 22 times than the electric dipole Px and about 14 times larger than the electric quadrupole QE, around 2 orders stronger than the toroidal Tx, and ∼58 times than the magnetic quadrupole QM. It is believed that the high Q-factor of the resonance is owing to the excitation of this out-plane magnetic dipole in the metasurface [20] . Note that a trapped magnetic mode is excited in our asymmetric S-shaped metasurface, rather than a toroidal mode excited in reported E-shaped metasurface [32] .
Analogue of EIT in Asymmetric Metasurface
Upon excitation with an y-polarized incident wave, the transmission spectrum of the symmetric Sshaped structure ( g = 0 nm) is investigated and shown in Fig. 3(a) . A clear broad resonance dip with a low Q-factor of ∼29 can be easily seen at a wavelength of 1580 nm. Here, the Q-factor of the resonance can be calculated by form of Q = λ 0 / FWHM, Where λ 0 is the central wavelength of the resonance, and the FWHM is the corresponding full width at half maximum of the resonance. The corresponding E-field in the x-y plane and M-field in the x-z plane are demonstrated in Fig. 3 (b) and 3(c), respectively. We notice that the opposite direction circular displacement currents are induced simultaneously around the upside and downside of the symmetric S-shaped structure in Fig. 3(b) . Each part of them could generate a magnetic field, and the homologous z-component magnetic field of upside is along +z axis, and −z axis for downside. These induced magnetic field patterns with different directions will form a circulation in a head-to-tail manner (see Fig. 3(b) ), indicating existence of a toroidal dipole moment T in x direction [46] , [47] . At the same time, the circulating magnetic field can be clearly observed in the center of the S-shaped metasurface from Fig. 3(c) , demonstrating the electric dipole also contributes to the excitation of this broad resonance. Subsequently, the multipole decomposition is also used to further confirm the properties of this resonance. As given in Fig. 3(d) , the contributions of the electric dipole Py and the toroidal dipole Tx are crossing with each other at 1553 nm, which is far away from the broad resonance dip at a wavelength of 1580 nm. To be specific, before 1553 nm, the toroidal dipole takes the first place and the electric dipole follows closely. While, after 1553 nm, the electric dipole has the largest strength by nearly 3 times than the toroidal dipole, meaning the electric dipole and toroidal dipole both contribute to this resonance, but the electric dipole plays a major role at the resonant dip. It is worth mentioning that the corresponding y-component of the electric field dominates all other multipole moments rather than the strong displacement currents along the x-direction seen in Fig. 3(b) .
However, once the symmetry of S-shaped structure is broken ( g = 20 nm), a distinct EIT-like resonance (also shown in Fig. 3(a) ) with high transparency about 97% is observed at a wavelength of 1580 nm, the corresponding Q-factor is 800. We can see that the position of the EIT-like transparency window coincidentally appears around the dip of the broad electric resonance mentioned above in Fig. 3(a) , and it is also consistent with the trapped magnetic resonance given in Fig. 2(a) under the x-polarized incident wave. Consequently, the EIT-like resonance can be clearly interpreted by destructive interference between the bright electric dipolar moment and the trapped magnetic dipolar mode, this is different from the reported E-shaped metasurface [32] , in which the EIT-like response was achieved by optical coupling between a dark toroidal dipole and a bright magnetic resonance. And breaking the symmetry of the metasurface offers a pathway to excite the trapped magnetic mode [27] , [48] . It is worth noting that the EIT-like response can also be achieved by breaking the symmetry of the S-shaped metasurface through changing the length of structural upper or lower horizontal bar.
To better understand the mechanism of the EIT-like response in the asymmetric metasurface, the E-field and M-field plots of the EIT-like transparency window at different wavelengths (dip λ1, peak λ2, dip λ3) are depicted in Fig. 4(a)-4(f) , respectively. At the two resonant dips, we can observe that the electromagnetic fields largely focus on the upper and the lower parts of the Sshaped structure. Specifically, there are clear circular displacement currents around the upside of the structure at dip λ1 and downside at dip λ3 (see Fig. 4(a), 4(c) ). Meanwhile, the corresponding magnetic fields locate the upper and lower sides of the structure in Fig. 4(d) and 4(f) . Thus, these field modes verify the excitation of the magnetic resonances [21] , which can be interpreted by the hybridization method [19] , [25] , [48] , [49] . According to the hybridization model, when the symmetry of the S-shaped metasurface is broken, the hybridization between the bright electric mode and trapped magnetic mode produces the bonding and antibonding modes, which are presented as two resonant dips (dip λ1 and dip λ3) in the EIT-like transparency window. To be intuitive, the electromagnetic fields in the dipλ1 are obtained by the sum of the electromagnetic fields of the bright mode and the trapped mode, which makes the electromagnetic fields focused on the upper part of the S-shaped metasurface. While at the dip λ3, the electromagnetic fields mainly distributed in the lower part of the S-shaped are as a result of the electromagnetic fields of the bright mode minus those of the trapped mode. For the transmission peak λ2, however, the displacement currents form loops in the E-field and the M-field shows a z-directed magnetic dipole, which is consistent with the result in Fig. 2(b)-2(c) and further confirms the excitation of the trapped magnetic mode. So the results of Fig. 4 further verified that the EIT-like response is achieved by a destructive interference between the bright electric mode and the trapped magnetic mode.
Influence of Structural Parameters on EIT-Like Resonance
At first, considering that the EIT-like response in S-shaped metasurface is mainly determined by the asymmetric degree g of the structure, the transmission curves of the metasurface with different values of g are calculated, as given in Fig. 5 . As g decreases from 50 nm to 10 nm, we can see that the EIT-like resonance becomes narrower on account of the decrease of coupling between the bright electric mode and the trapped magnetic mode [28] , resulting in an increasing tendency of the Q-factor, and the corresponding Q-factor is 135 for g = 50 nm, and 335 for g = 30 nm, but rising quickly to 3000 when g = 10 nm. Whereas the transmission of the EIT-like response always remains about a high level of 97%.
Moreover, the other geometrical parameters of the metasurface, such as silicon bar's length, width, or thickness will also affect the EIT-like response and presented in Fig. 6 . We should mention that the EIT-like resonance considered as a special form of Fano line-shape resonance depends on the degree of detuning between the two coupled modes, which is mainly related to the line width of the bright mode in our case. The EIT-like resonance will have a larger tolerance of the detuning for a broader bright mode, and if the detuning is over this tolerance, the Fano resonance arises. Here, considering the line width of the trapped mode in our structure is much smaller than that of the bright mode, we define the detuning tolerance of the two coupled modes is about 4% (4 nm) of the line width of the bright mode, corresponding to the Fano index F = 0.2, which is defined by Fano formula [33] :
Where γ and ω 0 represent the width and position of the resonance. As the length of the silicon bar l increases from 480 nm to 640 nm while the rest of geometrical parameters remain the same as depicted in Fig. 1(b) , an apparent red shift of the EIT-like transparency window is observed from Fig. 6(a) . To be specific, the resonant frequency of the bright electric mode almost keeps the same pace with that of the trapped magnetic mode as the bar length changes, which indicates that the detuning between the two couple modes is very small (ࣘ4 nm), hence, the symmetric shape of the EIT-like resonance is maintained. At the same time, the transmission of the EIT-like response always keeps a high value of 97%, which is very useful for its real applications. Fig. 6(b) presents the transmission spectra of the metasurface calculated at different bar width w. In this case, the width varies from 120 nm to 180 nm while the other parameters keep unchanged as well. There is also a noticeable red-shift of the EIT-like resonances with growing w, but the shape of the EIT-like transparency windows will not be influenced and the transmission holds a stable level of 97%. Quite similar results can be obtained as above, when the bar thickness h ranges from 190 nm to 290 nm, the wavelength of the EIT-like resonance will shift from 1568 nm to 1655 nm, as shown in Fig. 6(c) , and the EIT-like responses keep a stable high transmission all the time. However, as far as the articles currently reported, the EIT-like response of MMs is only insensitive to variations in partial parameters of structure, for example, the EIT-like transparency window in E-shaped metasurface is only insensitive to the length of horizontal silicon bar [32] , but the detuning of the two interacted modes will become larger than the tolerance as other structural parameters change, including bar's width or vertical bar's length. And similar results can be seen in silicon-based bar-ring resonator [28] , of which the EIT-like response is only insensitive to the thickness of the structure, but is very sensitive to variations in the other structural parameters (ring's radius, bar's length, or bar's width).
For all cases up to here, we can reveal that the presented S-shaped metasurface has achieved robust, high Q-factor and high transparency EIT-like resonance when the structural parameters l, w, and h vary over a wide range, which will greatly ease fabrication challenges. Keep in mind that the condition of g1 + g2 = 660 nm is important for the metasurface to achieve the EIT-like response, otherwise the resonant wavelength of the bright electric mode cannot keep the same pace with that of the trapped magnetic mode, resulting in large detuning between the two interacted modes and thereafter asymmetric Fano resonance arises.
Conclusion
In summary, we have presented and numerically investigated the EIT-like responses in an asymmetric S-shaped all-dielectric metasurface in the near infrared spectral region. A high transparency window and high Q-factor EIT-like resonance is achieved by the destructive interference between the bright electric dipolar moment and the trapped magnetic dipolar mode through the asymmetric structure. And it is worth mentioning that the out-plane trapped magnetic mode is excited and verified by the Cartesian multipole expansion. Meanwhile, the bandwidth of the transparency window can be easily designed by modifying the asymmetric degree of the structure. In particular, the EIT-like transparency window will shift accordingly as the structural parameters(silicon bar's length, width, or thickness) change in a wide range, but the symmetric shape of the EIT-like responses will almost not be affected and the transmission of the EIT-like resonances keeps a stable value of 97%. It is expected that the proposed S-shaped EIT-like all-dielectric metasurface could ease the fabrication challenges and have wide applications in bio-chemical sensing, optical switching and slow-light devices.
